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The crystallization mechanism was the subject of the present study which reports on the structure,
and the Ni-silicide formation, of Si films containing different concentrations of Ni. The films were
prepared by sputtering and were analyzed by compositional and structural characterization techni-
ques. Additional information was obtained by thermal annealing the films up to 800 C. The experi-
mental results indicated that, in the as-deposited form, the films are amorphous, homogeneous, and
with Ni contents in the 0–40 at. % range. Moreover, the development of Si and/or Ni-silicide
crystalline structures was susceptible to factors like the Ni concentration, the annealing temperature
and the annealing process (if cumulative or not, for example).VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4896589]
I. INTRODUCTION
Optical-electronic devices based on amorphous silicon
(a-Si) and its alloys have been successfully produced since
the 1980’s.1,2 Even today, they represent a very important
and convenient material for large-area applications like flat-
panel displays, position-sensitive detectors and solar cells,
for example.3 In certain cases, however, the final perform-
ance of these devices can be improved with the partial crys-
tallization of the originally amorphous material.
Accordingly, the amorphous-to-crystalline structural trans-
formation of a-Si is the subject of intensive research. From
the practical point of view, the crystallization of a-Si always
requires some energy input that can be provided by thermal
annealing, laser radiation, Joule effect, etc. In all of these ex-
perimental approaches, the temperature of crystallization can
be considerably decreased by the presence of certain metallic
species.4 The process is called metal-induced crystallization
(MIC) and is known to be influenced by the metal type and
its relative concentration, as well as by the development of
intermediate (essentially silicide) phases.5
In addition to the interest in producing crystalline silicon
films at a reduced thermal budget, various forms of silicides
also deserve particular attention.6,7 Considering that further
improvement of the CMOS technology requires narrower-
conductive gate lines, Ni-silicides are a good alternative to
replace the currently used materials. In fact, Ni-silicides can
be obtained following a single-step anneal without present-
ing the nucleation and/or the Si consumption issues typically
observed with TiSi2 and CoSi2.
8
Driven by the technological interest in producing cost-
effective Si-based electronic materials, this work shows the
effect of Ni concentration on the crystallization of a-Si and
on the development of different Ni-silicide phases. In con-
trast to the studies that considered Si-Ni layered structures,
the present contribution investigated Ni-containing a-Si films
and their crystallization following different annealing
approaches. The samples were prepared by sputtering and
were analyzed by compositional and structural techniques,
indicating the most suitable concentration-temperature com-
bination to obtain crystalline Si or Ni-silicide materials.
II. EXPERIMENTAL DETAILS
The SiNi films were prepared by magnetron sputtering a
2 in. diameter polycrystalline Si target in an atmosphere of
pure argon. The films were deposited onto fused silica sub-
strates (kept at room temperature), and the insertion of Ni
was achieved during deposition by partially covering the Si
target with small pieces of Ni metal. The [Ni] was estimated
according to the sputtering yield of Ni and Si and the Ni-to-
Si relative target area. A Ni-free a-Si film was also prepared
for comparison. The real atomic composition of the Si(Ni)
films was determined by Rutherford backscattering (RBS)
and energy dispersive x-ray (EDX) measurements. The
atomic structure of the films was investigated by x-ray dif-
fraction (XRD, kCu ¼ 1.54 A˚) and Raman scattering (kexc ¼
532 nm), after thermal annealing at different temperatures.
The annealing treatments were carried out, cumulatively,
under a continuous flow of argon at 200, 300, 400, 500, 600,
700, and 800 C (15min long each). Single annealing treat-
ments at 500 C (15min) and 800 C (15min)—temperatures
at which important changes were observed in the samples—
were also performed for comparison purposes.
III. RESULTS AND DISCUSSION
The thickness, Ni target area, and Ni content of the
samples considered in this study are shown in Table I.
Except for sample SiNi_4, in which case the arrangement
of the Ni metal pieces onto the magnets of the Si sputtering
target was non-uniform, it is clear the scaling between [Ni]
and ANi. Also, no appreciable variation was observed in the
[Ni] of the samples as-deposited and after thermal anneal-
ing up to 800 C.
For the sake of clarity, the following discussion was di-
vided according to the adopted annealing method: either cu-
mulative or after treatment at 500 or 800 C.
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A. Cumulative thermal annealing
In the as-deposited form, the XRD data (not shown) of
all films indicated that they were essentially amorphous.
Thermal annealing the samples at 500 C (Fig. 1), on the
contrary, induced the development of up to 8 different dif-
fraction peaks (see Table II (Ref. 9)) in the XRD patterns—
in addition to the strong signal due to the fused silica sub-
strate (a-SiO2 at 23) already present in the as-deposited
films. At this temperature, the SiNi_1, SiNi_2, and SiNi_3
films exhibited Si, NiSi and NiSi2 crystallites, whereas Ni2Si
and Ni structures were observed in samples SiNi_4 and
SiNi_3, respectively.
Similar to the XRD results, the Raman spectra of the as-
deposited Si(Ni) films showed their amorphous character.
According to the spectra (not shown), the most prominent
Raman features were related to transverse acoustic (TA) and
optical (TO), and longitudinal (LA and LO), phonon modes
typical of amorphous Si.10 The shape and relative intensity
of these modes drastically changed at higher [Ni], indicating
the semiconductor- to metallic-like behaviour of the samples.
After thermal annealing at 500 C (Fig. 2), new features
developed in the Raman spectra indicating the partial crystal-
lization of samples SiNi_2, SiNi_3, and SiNi_4. According
TABLE I. Sample identification, film thickness (t), target area occupied by
Ni metal (ANi), Ni concentration in the as-deposited films ([Ni]RBS, as
obtained from RBS), and after annealing at 800 C ([Ni]EDX, as obtained
from EDX). In all cases, the oxygen concentration proved to be below  3
at. %.
Sample t (nm) ANi (mm
2) [Ni]RBS
a (at. %) [Ni]EDX
a (at. %)
Pure Si 2006 25 0 0 0
SiNi_1 3006 25 856 5 126 2 166 2
SiNi_2 4006 25 1706 5 226 2 266 2
SiNi_3 2006 25 2556 5 326 2 386 2
SiNi_4 4006 25 5106 5 366 2 406 2
aThe error in [Ni] took into account system sensitivity, uncertainties in the
sample thickness as well as the result of different measurement runs.
FIG. 1. XRD diffractograms of Si(Ni) films after annealing at 500 C. All
patterns were normalized and vertically shifted for comparison. The num-
bers (1 to 8) refer to the crystalline planes indicated in Table II. The stars
denote sample holder artifacts.
TABLE II. Main XRD diffraction angles, as observed in the Si(Ni) films
(see Figs. 1 and 3).
1a 2 3 4 5 6b 7 8c
Si (111) NiSi
(200)
Ni2Si
(103)
Ni
(111)
Ni2Si
(013)
Si
(220)
Ni
(200)
Si
(311)
28.5 34.3 42 44.4 45.7 47.7 54.8 56.7
aAlso NiSi2 (111).
bAlso NiSi2 (220), NiSi (202), and NiSi (211).
cAlso NiSi (020).
FIG. 2. Raman spectra of Si(Ni) films after annealing at 500 C, along with
the indication of their main (TA, LA, LO, and TO) phonon modes. The let-
ters (A to H) refer to the phonon modes indicated in Table III. The spectrum
of c-Si is also shown. All spectra were normalized and vertically shifted for
comparison.
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to the Raman data (see Table III (Ref. 11)), at 500 C the
pure Si sample was still amorphous and Si crystallites devel-
oped only after annealing at 700–800 C. Moreover, Ni crys-
tals were detected only by XRD after annealing at 500, 600,
700, and 800 C exclusively in sample SiNi_3. This is con-
sistent with the specifics of each technique: XRD being very
sensitive to small-sized crystalline structures, and the very
low (or no) Raman activity exhibited by metal species.12
As the thermal treatments advanced, certain XRD dif-
fraction peaks developed and new Raman features appeared.
The diffractograms after annealing at 800 C are shown in
Fig. 3. From them, it is clear the excess of Ni in sample
SiNi_3 as well as the absence of Si crystallites in SiNi_4.
Once again, the Raman spectra after thermal annealing the
films at 800 C (Fig. 4) are in accord with the XRD data: no
signs of crystalline Si were observed in sample SiNi_4,
whereas the high [Ni] of sample SiNi_3 prevented the detec-
tion of any crystalline Si structure.
These figures are comparable to others from litera-
ture,9,13 even though they were based on 50–100 nm thick Ni
films deposited on crystalline Si wafers, and involving 1 h
long annealing times. Accordingly, in such a case, there was
no crystallization of a-Si and the driving force behind the
growth of different Ni-silicide phases was the diffusion of Ni
atoms.14 Also, it is worth noticing the almost same sequence
of silicide formation (though at rather lower temperatures
and annealing times) and the homogeneous distribution of
crystalline phases in the present Ni-containing a-Si samples.
In the specific case of the Ni-Si layered system of Ref. 9, for
example, the Ni-silicide formation (as investigated by
glancing-incidence XRD, Auger electron spectroscopy, and
RBS) adopted the following sequence:
Niþ Si !600
C
Niþ Ni2Siþ NiSiþ NiSi2 þ Si !700–800
C
NiSiþ NiSi2 þ Si !900
C
NiSi2 þ Si;
in which case the bold Si indicates the crystalline silicon wa-
fer. In both layered and alloyed Si-Ni systems, it is important
to emphasize that the development of new and/or crystalline
forms occurred at temperatures well below the corresponding
melting and eutectic points of the elements/phases
involved:15 Si (Tmelt¼ 1414 C), NiSi2 (Tmelt¼ 1100 C,
TABLE III. Main Raman features (in cm1), as indicated in Figs. 2 and 4.
A B C D E F G H
Ni2Si NiSi NiSi NiSi2 NiSi2 NiSi2 NiSi2 c-Si
140 182 211 225 290 316 380 520
FIG. 3. XRD diffractograms of Si(Ni) films after thermal annealing at
800 C for 15min. The numbers (1 to 8) refer to the crystalline planes indi-
cated in Table II. All patterns were normalized and vertically shifted for
comparison.
FIG. 4. Raman spectra of Si(Ni) films, after annealing at 800 C for 15min.
The letters (A to H) refer to the phonon modes indicated in Table III. The
spectrum of a c-Si wafer is also shown. All spectra were normalized and ver-
tically shifted for comparison.
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Teut¼ 987 C), NiSi (Tmelt¼ 992 C, Teut¼ 965 C), Ni2Si
(Tmelt¼ 1318 C, Teut¼ 1115 C), and Ni (Tmelt¼ 1455 C).
B. Single annealing at 500 and 800 C
Considering that the present SiNi samples experienced
important changes only after annealing at (200, 300, 400
and) 500 C, one question to be answered was: does a single
annealing treatment at 500 C is able to produce the same
results? Likewise, how does the atomic structure evolve if
the samples are annealed (non- cumulatively) at 800 C?
These issues are related not only with the crystallization of
the Si(Ni) structures but also with the effective use of Ni-
silicides in future device applications and, therefore, they
were considered in the present study.
The diffractograms of all Si(Ni) samples thermal
annealed, cumulatively (C) and non-cumulatively (NC), at
500 and 800 C are shown in Figures 5(a) and 5(b),
respectively. According to the figures, both C and NC
treatments gave rise to similar XRD patterns: except for
the comparatively smaller diffraction intensities in the NC
samples, almost all crystalline phases were achieved in
both cases. In fact, the observed differences in the signal
intensities are consistent with the idea that the number of
crystallites depends on the integrated annealing time.16
Furthermore, no signal due to Ni metal was detected in
sample SiNi_3 after single anneal at 500 or 800 C, sug-
gesting that extensive treatments are required to yield this
phase.
The Raman spectra of the Si(Ni) samples after NC
thermal annealing at 500 and 800 C (Figure 6) corrobo-
rated the XRD results, i.e.: the presence of Ni influenced
the crystallization of Si and, depending on the Ni concen-
tration, different Ni-silicide phases developed after anneal.
FIG. 5. XRD diffractograms of Si(Ni)
films after single annealing at (a)
500 C and (b) 800 C. The results of
cumulative thermal annealing (Figures
1 and 3) are also shown (gray lines).
All patterns were normalized and verti-
cally shifted for comparison.
FIG. 6. Raman spectra of Si(Ni) films
after single annealing at (a) 500 C and
(b) 800 C. The results of cumulative
thermal annealing (Figures 2 and 4)
are also shown (gray lines). All spectra
were normalized and vertically shifted
for comparison.
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Compared to the cumulative treatments up to 800 C,
however, the Raman spectra of Fig. 6(b) showed some
improvement of the Si crystallites in detriment of the sili-
cide phases. Apparently, whereas both cumulative and
non-cumulative treatments were effective in crystallizing
the Si(Ni) samples, the former was appropriate to develop
Ni-silicide phases and the latter to the growth of Si crystal-
lites. The reasons behind such behaviour certainly involve
the crystallization kinetics of Si and SiNi structures and
will be the subject of future studies.
C. Cumulative versus single annealing treatments
At this point, the ensemble of experimental results indi-
cated that: (1) magnetron sputtering is a suitable technique
to produce a-Si films with controllable amounts of Ni; (2)
in spite of minor differences in the [Ni], as measured by
RBS and EDX, the values are consistent with the sensitivity
of each technique and condition of the samples (as-depos-
ited and after treatment at 800 C); (3) similar reasoning
applies to the structural information given by the XRD and
Raman data, whose results were influenced by the crystal-
lite size, the semiconductor/metallic character of the sam-
ples, and by scattering cross-section details; (4) the
crystallization of a-Si, as induced by Ni, occurred after
annealing at 500 C in films with 0< [Ni] 25 at. %; (5)
samples with the highest [Ni] (SiNi_3 and SiNi_4) favoured
the development of the Ni-rich Ni2Si silicide phase (or even
Ni clustering) in detriment of the Si crystallites; (6) crystal-
lization of pure Si took place only at 800 C, clearly
establishing the role played by Ni atoms in the MIC mecha-
nism; (7) the present study indicates that both crystalline Si
films and different Ni-silicide forms, homogeneously dis-
tributed, can be achieved from Ni-containing a-Si films
annealed at relatively low temperatures, suggesting their
potential use in microelectronics17 or photovoltaic18,19
applications; and (8) at 500 C, crystalline Si films can be
obtained at almost any [Ni], whereas Si- and Ni-rich silicide
phases developed at [Ni] 25 at. % and [Ni]> 25 at. %,
respectively. Concerning the cumulative and non-
cumulative thermal treatments: (1) they induced the crystal-
lization of the Si(Ni) samples at temperatures that depended
on the Ni concentration; (2) non-cumulative treatments pro-
duced comparatively smaller crystalline densities, which is
consistent with the shorter integrated annealing times
involved; and (3) non-cumulative treatments seemed to be
best suited to generate Si crystallites, whereas the cumula-
tive ones favours the growth of the Ni-silicide phases.
Most of these features can be better seen in the diagram
of Fig. 7, which summarizes the development of Si-based
crystalline phases, as obtained by XRD and Raman spectros-
copy, as a function of the Ni content and after annealing at
500 and 800 C.
Finally, the present data are in perfect agreement with,
and complement, the results of a series of a-Si films with
[Ni]< 10 at. %.20 In such a case, the films were prepared by
conventional sputtering and the effect of different substrates
(c-Si, c-Ge, c-quartz, and fused silica) on the MIC of a-Si
were investigated in detail.
IV. CONCLUDING REMARKS
In addition to its scientific importance, the metal-
induced crystallization (MIC) of a-Si films is of great interest
in technological applications like those involving large-area
devices. Hitherto, the MIC is known to take place in a-Si
films and to depend on factors like the metal type and its rel-
ative concentration; the sample details (if layered or doped-
alloyed with metallic species); the annealing temperature,
duration, and sequence; as well as the nature of the substrate,
just to mention a few of them.
Following a previous investigation of a-Si films with
[Ni] up to 10 at. %,20 the present work took into account Ni
concentrations as high as 40 at. %. According to this study,
which is consistent with the present results, it is clear that:
(1) the presence of Ni effectively reduced the temperature of
crystallization of the a-Si films; (2) whereas the Ni-free films
crystallized only at 700–800 C, the Ni-containing films
started exhibiting Si crystallites at temperatures around
500 C; (3) in addition to Si crystallites, the Ni-rich films
also presented NiSi2, NiSi, and Ni2Si crystalline structures;
(4) the appearance of Ni2Si crystals was more evident in the
films with [Ni]> 25 at. %, which partially inhibited the de-
velopment of crystalline Si; and (5) despite small differen-
ces, both XRD and Raman results were coherent and clearly
showed the influence of Ni metal on the development of
crystalline structures in the a-Si films. Small differences
were also verified in the atomic structure of the Si(Ni) sam-
ples annealed following either cumulative or non-cumulative
treatments: the former being suitable to develop Ni-silicide
phases and the latter to the growth of Si crystallites. In sum-
mary, for future application, crystalline Si films can be
obtained at 500 C, with almost any [Ni], whereas Si-and Ni-
rich silicide phases develop at [Ni] 25 at. % and [Ni]> 25
at. %, respectively.
In view of the present results and those provided by sim-
ilar systems (SiAl, SiMn, SiCo, and SiFe),21 it is not obvious
the role played by intermediate silicide phases on the MIC
mechanism. More specifically, not all systems that presented
remarkable MIC (SiAl and SiNi, for example) show the clear
FIG. 7. Summary of the compositional-structural results of the present
study. The diagram shows the incidence of Si, NiSi2, NiSi, Ni2Si, and Ni
crystalline phases as detected by XRD and Raman measurements after ther-
mal annealing at 500 and 800 C.
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involvement of silicides. And vice-versa: not all systems
containing silicides (SiMn, SiCo, and SiFe) presented im-
pressive MIC figures.
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